Introduction
Recently, AlN surface passivation for AlGaN/GaN heterojunction field effect transistors (HFETs) on sapphire substrates has been investigated [1] [2] [3] , because the high thermal conductivity of AlN, which is ∼ 200 times higher than that of SiN, is effective to reduce the self-heating of the HFETs. In fact, DC measurements showed the reduction of the self-heating, as well as the suppression of the current collapse, by the AlN passivation. In this work, we have investigated high-frequency characteristics of the AlGaN/GaN HFETs with the AlN passivation, in comparison with SiN passivation.
Device fabrication
A GaN (3000 nm)/Al 0.3 Ga 0.7 N (8 nm) heterostructure on a sapphire(0001) substrate was grown by metal-organic vapor phase epitaxy. Hall effect measurements showed an as-grown sheet resistances of 730 Ω/ at room temperature, with a sheet electron concentration of 5.7 × 10 12 cm −2 and an electron mobility of 1500 cm 2 V −1 s −1 . The Ti/Al Ohmic contact formation, the device isolation by B + implantation, the Ni/Au gate formation, and the formation of the surface passivation films of AlN (500 nm) or SiN (500 nm) led to the HFETs shown in Fig. 1 , with the gate length of 0.4 µm, the source-gate spacing of 1 µm, the gate-drain spacing of 4 µm, and the gate width of 50 µm. The AlN and SiN films were deposited by RF magnetron sputtering using an AlN and Si 3 N 4 target, respectively. Although the sheet resistance was increased due to the sputtering process damage, this can be eliminated by thermal annealing in N 2 ambient [3] . After the thermal annealing, sheet resistances are 780 Ω/ and 470 Ω/ for AlN and SiN passivation, respectively. The decrease in the sheet resistance for the SiN passivation can be attributed to the piezoelectric effect of the SiN film. The contact resistance is ∼ 0.7 Ω·mm.
3 Device characteristics Figure 2 shows drain characteristics of the HFETs with AlN or SiN passivation. The decrease in drain current I D for high drain-source voltage V DS due to the self-heating is suppressed by the AlN passivation. The maximum extrinsic transconductance for the AlN and SiN passivation is almost same, 290 mS/mm and 250 mS/mm for V DS = 10 V and 25 V, respectively. The almost same extrinsic transconductance in spite of the higher sheet resistance for the AlN passivation, i.e., the higher source resistance, indicates the higher intrinsic transconductance for the AlN passivation.
We carried out high-frequency measurements and obtained current gain cut-off frequency f T . Figure 3 shows f T as a function of I D at V DS = 10 V and 25 V. In both cases, higher f T was obtained for the AlN passivation in spite of the higher source resistance. The most striking feature is the flatness of f T at V DS = 25 V for the AlN passivation; the flatness is very important for the linearity in amplifier applications. Figure 4 shows the maximum f T as a function of V DS . The decrease in the f T for high V DS is slightly suppressed by the AlN passivation. These improved high-frequency characteristics for the AlN passivation can be attributed to the self-heating reduction effects. In addition, we carried out the delay time analysis [4] . Figure 5 shows the relationship between total delay time 1/2πf T and reciprocal drain current 1/I D at V DS = 10 V and 25 V. Fitting lines obtained by data in the current range of I D < 100 mA/mm are also shown. In both cases, the fitting line intercept, which corresponds to the saturation velocity transit time, is almost same for the AlN and SiN passivation. Figure 6 summarizes the effective saturation electron velocity, obtained by the fitting line intercept, as a function of V DS . The effective saturation velocity in this current range is almost same for the AlN and SiN passivation, which can be attributed to the the weak temperature dependence of the electron velocity under high electric fields [5] ; the difference in the self-heating for AlN and SiN passivation is not important for the effective saturation velocity in this current range. On the other hand, the fitting line slope, which is inversely proportional to the electron mobility under the gate [4] , is smaller for the AlN passivation. This suggests that the difference in the self-heating is important for the mobility because of its strong temperature dependence.
Summary
We have investigated high-frequency characteristics of the AlGaN/GaN HFETs with the AlN passivation, in comparison with SiN passivation. As a result, we observed improved high-frequency characteristics, which can be attributed to the self-heating reduction effects. 
